Blazhko stars from the extended BV I C time series of RRab stars in the globular cluster, M3, are analysed. This is the largest sample of Blazhko stars with full details of their Blazhko properties in a homogeneous stellar system. Blazhko periods and lightcurve solutions are determined/estimated for 83 fundamental-mode variables. The lack of phase modulation in Oosterhoff-type II stars and the diminishing relative strength of the modulation in long-period Oosterhoff-type I stars are the regular tendencies found between the pulsation and modulation properties of Blazko stars. Similarly to previous results, no modulation of the longest-period stars is detected. The onset of the modulation in a previously regular RRab star, and the similar distribution of modulated and non-modulated stars imply that the modulation is a temporal property of RRL stars, which may occur at any time in any RRab star except the coolest ones. Comparing the modulation periods in M3 and in other samples of Blazhko stars, the mean log(P mod ) value is found to depend on the metallicity of the system. The separation of the temperature-and radius-change induced variations supports our previous finding that the photometric radius variation does not show any modulation. The pulsation-averaged mean brightness and temperature of Blazhko stars are found to be larger in the large-amplitude phase of the modulation than in the small-amplitude phase. The larger the amplitude of the modulation, the larger changes of the mean parameters are detected.
INTRODUCTION
The RR Lyrae (RRL) variables, as horizontal-branch stars with very similar internal structures, represent a unique check-point in the evolution of low mass stars after the red giant branch phase. As their H-burning time on the main sequence is very long, they are relics of the original old population of star formation in the galaxies (for reviews see Catelan 2009 and Catelan & Smith 2015) .
However, RRL stars still exhibit some incompletely understood phenomena: the Blazhko effect (the amplitude and/or phase variations of the pulsation; Blazhko 1907 and Shapley 1916) , the anomalous period ratios of some double-mode stars, the mysterious additional frequencies of the variables (e.g., Moskalik et al. 2015; Smolec 2015; Netzel et al. 2015a,b; Jurcsik et al. 2014 Jurcsik et al. , 2015 , as well as ⋆ E-mail:jurcsik@konkoly.hu the period-doubling phenomenon (Szabó et al. 2010) . Taking into account that RRL stars are key objects for the studies of the horizontal branch, the distance of remote systems, and chemical composition analysis revealing different generations of old stellar populations, hence, any property of RRL stars that we cannot explain hold uncertainties on the results of any other study based on these stars.
Due to the efforts of space missions (CoRoT , Kepler: Chadid et al. 2010; Kolenberg et al. 2010 ) and ground based projects (Konkoly Blazhko Survey, TAROT, OGLE: Jurcsik et al. 2009; Le Borgne et al. 2012; Soszyński et al. 2014) many new aspects were uncovered about Blazhkomodulated stars in recent years, however the origin of the phenomenon has remained undisclosed. Taking into account the fact that the modulation appears in about 40 percent of the RR Lyrae stars in the Galactic bulge (Prudil & Skarka 2017) , 50 percent in the field Benkő et al. 2010) , and an even c 2019 The Authors larger fraction can be affected in some globular clusters (Arellano Ferro et al. 2012; Kunder et al. 2013) , the lack of understanding of the phenomenon cannot be neglected.
Using the OGLE data of more than 8000 stars, the comparison of Blazhko and mono-periodic RRL star of the Galactic Bulge has led to the detection of some systematic differences between their period distributions and lightcurve characteristics, e.g., amplitude, rise time, Fourier amplitude ratios and phase differences (Prudil & Skarka 2017) . The metallicity distribution of the Galactic bulge RRL stars covering larger than 2 dex full range is sharply peaked at [Fe/H]= −1.0 (Pietrukowicz et al. 2012; Prudil & Skarka 2017; Dékány et al. 2018) . Most probably it contains multiple old stellar populations (Pietrukowicz et al. 2015; Dékány et al. 2018) . As the shape of the light-curve of an RRL star is determined by its physical parameters completely, the interpretation of the differences between Blazhko and non-Blazhko RRL stars is not unambiguous in an inhomogeneous sample.
A reliable comparison of the physical properties of Blazhko and mono-periodic RRL stars is only possible using Globular cluster (GC) data. GCs are frequent and popular targets of RRL studies, because they are rich in this type of variables and they provide relatively homogeneous samples compared to the other targets of massive photometric campaigns (e.g., Galactic field, Galactic bulge, satellite galaxies). The observations of these compact groups of stars, where the relative values of the physical parameters can be determined with uniquely high precision, provide an outstanding opportunity for an in-depth study of their stellar populations.
The extended BV IC photometry and the non-calibrated time series of the most crowded stars published in Jurcsik et al. (2017) enable us to analyse the complete Blazhko RRL sample of the M3 globular cluster. This is the largest multi-colour photometric data set of a homogeneous group of Blazhko stars ever observed, which is suitable to detect any connection, if it exists, between the properties of the modulation (the variations of the pulsation changes during the modulation cycle) and the physical parameters of the variables. In this paper fundamental-mode RRL stars are studied, the Blazhko properties of the overtone and double-mode variables in M3 were discussed in Jurcsik et al. (2014 Jurcsik et al. ( , 2015 . Some preliminary results were already shown in Jurcsik & Smitola (2016) .
DATA AND LIGHT-CURVE ANALYSIS
Time series data were obtained for the complete sample of RRab stars in M3 in 2012. B, V, IC magnitudes for about the two third of the variables and relative b fluxes for the most crowded variables, which magnitude calibration failed, were published in Jurcsik et al. (2017) , together with the full details of the photometric process.
Using these data, RRab stars showing Blazhko modulation are identified and their modulation periods are determined. The photometric time-series data are fitted with Fourier sum of the pulsation (k × f0) and the modulation components (k × f0 ± n × fm, k ≥ 0; n ≥ 1). The modulation of some of the Blazhko stars are multiple periodic. The linear-combination terms of the different modulation components also occur in these cases.
The relevant pulsation and modulation components are determined star by star in the course of a successive prewhitening process of the B and V light curves using the program package mufran (Kolláth 1990) . As the signal-tonoise properties are worse in the IC band than in the B and V bands, the IC time series data were not used in the course of the frequency identification. After determining the frequency components appearing in the B and V data sets, a non-linear fitting algorithm (Sódor 2012) is applied separately on the B and V data to refine the values of f0 and fm. Finally, the average values of the results obtained for the B and V data are accepted as the f0 and the fm frequencies of the star, and the full light-curve solution is determined as a linear fit to the data using the appropriate combination of these locked frequencies in each band (B, V, IC).
Based on the difference between the results obtained for the two bands and on trials using different modulation components, the accuracy of the modulation periods is estimated to be better than 1 d for periods shorter than 100 d and about 1 − 10 d for longer modulation periods. However, the modulation periods are less certain for long modulation cycles and for variables showing complex, and multipleperiodic modulations. The actual values of the modulation frequencies depend on the selection of the frequency components involved in the fit more strongly in these latter cases. The modulation periods of crowded variables with non-calibrated photometric data are determined similarly, but their accuracy might be lower especially for noisy data and for small-amplitude modulations.
The 2012 observations span over about a 200-day interval but data at the beginning and at the end of the observing season are sparse. Therefore, in order to refine modulation periods longer than 100 d, if available, the observations obtained in 2009 (Jurcsik et al. 2012 ) are added to the data set. However, because of strong period and modulationcontent changes and aliasing problems, light-curve solution is obtained for the full 2009 − 2012 data set only for some of the Blazhko stars. Table A1 lists the Blazhko stars, their Oosterhoff (Oo) type, the pulsation and modulation periods determined from the 2012 data, and the refined periods using additional previous photometric observations for long Blazhko-cycle stars if a common light-curve solution is obtained for the combined data. OoII-type stars are typically brighter and of larger amplitude than OoI stars at the same period. Here, the OoII status of Blazhko stars are determined based on the mean magnitudes (published in Jurcsik et al. 2017 ) rather than on the position of the star in the period-amplitude Bailey diagram. The Oo status of two Blazhko stars (V048 and V078) indicated by the amplitude and the mean brightness of the stars are controversial. This may originate from some photometric defect and/or from any bias on the amplitudes caused by the modulation. The Oo status cannot be determined for variables with non-calibrated light curves.
MODULATION PERIODS
The distribution of the modulation-period values does not show any convincing connection with the pulsation period values as documented in the top panel of Fig. 1 (Jurcsik et al. 2015) . RRab stars with multiple modulations are denoted by open circles, and the modulations of the fundamental and the overtone modes of RRd stars are denoted by filled and open squares, respectively. The overtone-mode periods are fundamentalized. The different modulation periods/frequencies of RRd and multiplemodulated stars are connected by vertical lines. The position of the extreme-long modulation-cycle Blazhko star, V144, and the uncertain, extreme-large modulation frequency of V134 are indicated by vertical arrows in the top/middle and bottom panels, respectively. The dashed line drawn in the middle and bottom panels correspond to the mean log(P mod ) value determined for the sample of 1628 Blazhko stars by Skarka et al. (2016) , and the possible upper limit for the modulation frequencies as found in Jurcsik et al. (2005) .
RRc stars analysed in Jurcsik et al. (2015) are also displayed in the figure using fundamentalized pulsation period for the overtone mode.
Collecting a large sample of Blazhko stars (1628 stars) Skarka et al. (2016) found that the distribution of the modulation periods is log-normal with log(P mod ) = 1.78(3)±0.30 mean value. The 1σ uncertainty of the mean is given in parenthesis. This mean value is shown by dashed line in the middle panel of Fig. 1 . The mean value of the Blazhko periods in M3 is larger than obtained for the inhomogeneous sample of stars by Skarka et al. (2016) as can be seen in Fig. 1 . In M3, the mean log(P mod ) is 1.91(4) ± 0.39 and 1.92(4) ± 0.39 for the total sample (RRab/RRd/RRc) and for the fundamental-mode variables, respectively. The difference between the logarithmic mean values of the Blazhko periods in M3 and in the sample collected by Skarka et al. (2016) is around the 3σ uncertainty of the mean, indicating that the detected difference may be real.
A large fraction of the Blazhko stars used by Skarka et al. (2016) belongs to the Large-Magellanic Cloud (LMC) (Alcock et al. 2003) . The mean [Fe/H] of the LMC RRL stars is −1.5 (Haschke et al. 2012) , i.e., the LMC RRL stars have, on the average, similar metallicity as in M3. Therefore, we have checked what the mean value of the log(P mod ) is for the LMC sample alone. For the 731 LMC Blazhko stars given by Alcock et al. (2003) it is 1.95(2) ± 0.42, which is identical with the result obtained for M3 within 1σ.
To reach 1.78 mean log(P mod ) value for 1628 stars when nearly the half of the sample yields 1.95, requires that the mean of the other part of the sample has to be as small as 1.64.
Besides the LMC stars the sample used by Skarka et al. (2016) contained mostly Galactic field and bulge stars. The metallicity of the bulge peaks at [Fe/H=−1.0, and field stars are typically more metal-rich than variables in GCs and in the LMC.
Based on these results, we conclude that the mean log(P mod ) depends on the metallicity if large enough samples of Blazhko stars are considered. The more metal-poor a system, the larger the mean value of the Blazhko periods on a logarithmic scale.
Previously, based on data of the Large-and SmallMagellanic Clouds, GCs and field stars it was found that the upper limit of the possible range of the modulation frequencies is increasing with increasing pulsation frequencies (Jurcsik et al. 2005) . In order to check the validity of this result on the M3 data the modulation frequencies are plotted versus the pulsation frequencies in the bottom panel on Fig. 1 . The upper limit for the modulation frequencies detected in Jurcsik et al. (2005) is drawn in this plot for guidance. The M3 data are systematically below this upper limit and the slight tendency for an increase of the largest fm values with increasing f0 is not convincing.
The modulation periods/frequencies do not depend on the brightness and colour of the variables.
THE LIGHT CURVES
The phased V light curves for the Blazhko stars with magnitude calibrated time series data are shown in Fig. 2 Fig. 3 . In order to detect any tendency occurring in the distribution of the modulation properties easily, the pulsation period is increasing from the left to the right in the figures (the period ranges are indicated in the top of the columns), and the OoI-and OoII-type stars are plotted separately in Fig. 2 . For comparison, the light curve of a stable RRab star close in period, brightness and colour to a given Blazhko star, if such a star exists in the M3 sample, is also displayed in Fig. 2 using the data published in Jurcsik et al. (2017) . The IDs and the periods of the Blazhko stars and their stable pairs are given in the top left-side and the top right-side corners of the light curves, respectively.
Looking at these figures, no straightforward conclusion on the distribution of the modulation properties can be drawn. The modulated light curves show highly diverse characteristics. There are stars showing small-and largeamplitude modulations with different strength amplitudeand phase-modulation components in each part of the figures. The small-amplitude phase precedes the largeamplitude one in many phase-modulated light curves but there are examples for the opposite behaviour, too. The modulation properties of stars with very similar period, brightness and colour, e.g., V022/V079 (P puls = 0.48 d); V034/V038 (P puls = 0.56 d); V039/V059 (P puls = 0.59 d) can be quite different, and conversely, similar-shape modulations of different pulsation-and modulation-period variables are observed, e.g. V045/V117 P puls : 0.54/0.60 d, P Bl : 27/47 d and V071/V023/V024 P puls : 0.55/0.59/0.66 d, P Bl : 47/125/50 d.
One regularity that might be suspected is the lack of any strong modulation in the five longest-period (P puls > 0.62 d), smallest-amplitude OoI-type stars.
Another possible systematic feature is the lack of phase modulation in the OoII sample. The OoII-type Blazhko stars exhibit only small-or modest-amplitude amplitude modulation and negligible phase modulation. However, the small sample size (six stars) makes some doubts about the reality of this result. Other samples of well identified OoII Blazhko stars are needed to check the possible weakening/disappearance of the phase modulation in the OoII population.
The comparison of the Blazhko stars with their nonBlazhko 'twins' is not conclusive either. There are Blazhko stars with similar-shape light curves to their stable pairs in the largest-amplitude phase of the modulation, but the matching is not perfect. Small differences in the structure of the bump, the steepness of the rising branch and/or in the total amplitude are detected in these cases (e.g., V007, V033, V048, V071, V110, V119, V218). Moreover, there are also variables whose light curves in the large-amplitude phase of the modulation differ significantly from the shape of a normal light curve, see e.g., V005, V020, V028 V052, V117, V121, V130.
There are also stars with amplitudes smaller than normal in each phase of the modulation like V005, V028, V041. The modulation cycle of V041 is not fully covered by the 2012 observations, but checking the light curves of V041 in all the previous CCD V observations (Corwin & Carney 2001; Benkő et al. 2006; Jurcsik et al. 2012 ) this conclusion remains valid.
The shape of the light minimum is abnormally shallow and featureless in some stars (V005, V020, V022, V028, V034, V130, V159). All these stars exhibit strong phase modulation, but this is not always true inversely, the min- imum phase is not featureless in each phase-modulated Blazhko star, see e.g. V117, V121, V174. The light curves of Blazhko stars showing only weak modulation are close to normal in each phase of the modulation, and vice versa, strongly deformed light curves are observed only if the modulation is strong.
AMPLITUDE AND PHASE MODULATIONS
The strength and the period-distribution of the amplitudeand phase-modulation components of the modulation are in- The strength of the amplitude modulation is quantified by the full ranges of a) the peak to peak amplitude (∆A) change, b) its relative value (∆A/ < A >), and c) the amplitude change of the f0 Fourier component (∆a1) of the light curve.
Each plot in the top row of Fig. 4 shows that the mean amplitudes of Blazhko stars are significantly smaller than normal for a large fraction of Blazhko stars. The larger the amplitude of the amplitude modulation, the smaller the mean amplitude of the star, i.e., larger symbols are at systematically smaller amplitudes as normal. Looking at the distribution of the strength of the amplitude modulation on the Bailey diagrams constructed using the maximum amplitude (bottom-row panels in Fig. 4 ) we see that variables with intense modulations shown by large-size symbols have either smaller or larger than normal maximum amplitudes, but there are some stars with similar maximum amplitude to the amplitude of non-modulated stars. Therefore, it can be concluded that neither the mean nor the maximum amplitudes of Blazhko stars can be identified with the normal amplitude of the star automatically, and this is especially true for stars displaying large-amplitude modulation.
It can be also seen in each plot of Fig. 4 that the small- size symbols tend to be close to the position of the ridge lines of non-Blazhko stars. The exception here is V028, this star exhibits only a small amplitude change but its mean magnitude is significantly reduced due to its extreme large phase modulation. Fig. 4 also shows that the amplitude modulation of the longest-period OoI stars is small. This conclusion is also valid for the relative-amplitude change, therefore, this effect in not a bias caused by the overall amplitude decrease of the pulsation towards long periods. Prudil & Skarka (2017) showed that the difference between the mean amplitudes of Blahzko stars and of normal RRab stars decreases linearly towards longer periods. Taking into account that the amplitudes of Blazhko stars with small modulation amplitudes are more or less normal, and that the modulation amplitudes of longer-period Blazhko stars are small, the results obtained in M3 is in line with the trend detected in the bulge by Prudil & Skarka (2017) .
To quantify the strength of the phase-modulation components we use three different measures: the full ranges of a) the phase change of the position of the mean magnitude on the rising branch, b) the phase change of the maximum brightness, c) and the Fourier phase differences of the f0 frequency component. The size of the dot symbols indicates the strength of the phase-modulation according to these measures in Fig. 5 .
Each diagram in the top row of Fig. 5 shows a tendency that towards larger mean amplitudes the strengths of the phase modulation is decreasing at a given period, and vice versa the larger the phase modulation, the smaller the mean amplitude of the variable, similarly to what was found for the amplitude modulation.
It was concluded from the inspection of the light curves in Sect. 4 that OoII-type stars do not display significant phase modulation. The results shown in Fig. 5 support this finding.
The positions of Blazhko stars in the Bailey diagram are more or less normal unless the amplitude of the phase modulation is large. Concerning this conclusion, there is no significant difference between the results shown in the six panels of Fig. 5 .
The Bailey diagrams using the maximum amplitudes (bottom row in Fig. 5 ) do not show any additional special distribution for the strengths of the phase modulation. 
MULTIPLE PERIODIC, COMPLEX MODULATIONS
The modulation of 11 RRab stars cannot be described by using a single modulation frequency; two or tree modulation frequencies are needed for an appropriate fit to the data. After determining the complete Fourier solutions of the light curves for these stars, it becomes possible to separate the light-curve modulations connected to each modulation period. Pre-whitening the data for the modulation components connected to one or the other modulation allows us to investigate whether there is any systematic connection between the light-curve variations of the different modulations of a given star. Fig. 6 shows the modulated light curves connected to the different modulation periods of the double/triple-modulated Blazhko stars.
Although the utilized light-curve solutions are somewhat uncertain especially for the most complex, and also for the small modulation-amplitude cases, the results are accurate enough to detect any systematic behaviour if it would exist. However, we do not find any trend, connection between the different modulations. There are stars with two modulations of very similar shape but of different periods (e.g., V079, V054) and also of very different amplitude-and phasemodulation contents like in the case of e.g., V005, V066 and V130. The same is true for the strength of the modulation components, they either have equal/similar strengths (V047), or a large-amplitude, dominant modulation is accompanied by a marginal secondary one (V033, V135).
There is no tendency in the modulation properties with increasing pulsation periods (from the top to the bottom in Fig. 6 ), and with increasing modulation periods of a given star (from the left to the right in each row of Fig. 6 ) either.
Concerning the modulation periods, they ratios are close to small-integer ratios in some cases (e.g., V005 3:4; V066 3:4; V079 2:5; V130 1:2; V135 1:2), however, the limited length of the data set does not allow to determine the longer modulation periods accurately enough for making any conclusion from these data. We note, however, that a similar tendency was noticed in the study of Blazhko stars in M5 (Jurcsik et al. 2010) and in the analysis of the doubleperiodic modulation of CZ Lac (Sódor 2011).
COMPARISON OF BLAZHKO AND STABLE LIGHT-CURVE RRAB STARS
< V >int-period and A-period plots for Blazhko and non-Blazhko RRL stars in M3 were already shown in Jurcsik et al. (2014) and Jurcsik et al. (2017) . For completeness, here we also document that there is no significant difference between their distributions. With the exception of the longest-period region, Blazhko stars populate the same parameter ranges as stable light-curve RRab stars in the < V >int-period and in the < V >int-(B − V ) diagrams shown in Fig. 7 , indicating that the occurrence of the modulation cannot be connected to any special physical property on the horizontal branch. Using photometric formulae to derive colour, absolute brightness and metallicity for the Galactic bulge RRL stars, Prudil & Skarka (2017) reached to the same conclusion. The histograms of the period distributions for modulated and non-modulated stars were documented in figure 4. in Jurcsik et al. (2014) . On the average, half of the RRab star in the 0.42 − 0.67 period range show the Blazhko effect. In contrast, the light curve of each of the seven longestperiod stars is stable. The missing modulation in long-period variables is in accordance with the relative weakness of the modulation in the longest-period (P > 0.62 d) Blazhko stars. This result is also in line with the drastic decrease of the incidence rate of the modulation at longer than 0.625 d pulsation period in the Galactic bulge (Prudil & Skarka 2017) and with similar tendencies detected in the occurrence of the modulation in other systems as summarized in Skarka et al. (2016, and references, therein) . Table 1 summarizes the statistics of the different parameters of the light curves for Blazhko and non-Blazhko stars in M3. The parameters correspond to the mean light curve of Blazhko stars, which are somewhat uncertain for variables with incomplete Blazhko-phase coverage.
The difference between the mean periods of Blazhko and non-Blazhko stars is smaller than 0.01 d both for the magnitude calibrated and the total sample of stars, i.e, they are the same within the 1σ uncertainty limit of the mean. This is in contrast with the statistically significant 0.03 d difference detected between the mean periods of modulated and nonmodulated RRL stars in the Galactic bulge (Skarka et al. 2016) . Statistically significant differences in the mean values derived for the M3 sample are evident only in the ampli- Concerning the parameter ranges, Table 1 documents that long-period Blazhko stars are missing, and the phase differences of Blazhko star cover a wider range than for stable RRab stars. The small values detected for the amplitudes and amplitude ratios of the non-Blazhko sample corresponds to the very low amplitude, longest-period variable, V202.
The formula given by Jurcsik & Kovács (1996) and its different variants are widely used to determine the [Fe/H] values for large samples of RRab stars because it needs only light-curve information (Fourier parameters) instead of spectroscopic measurements. The photometric metallicity formula are often applied for Blazhko stars, too. Therefore, it is essential to know how different results are obtained for the [Fe/H] of the Blazhko and non-Blazhko samples of stars in M3, which supposedly have the same metallicity. Using the Jurcsik & Kovács (1996) 
THE ONSET OF THE MODULATION IN V119
There is a unique variable, V119 in M3. This star switched from regular pulsation to Blazhko-modulated pulsation at the early 2000s (Jurcsik et al. 2012) . Both the stable and the modulated light curves of the star are covered by CCD observations as documented in Fig. 8 , and summarised in (Soszyński et al. 2014 ). However, the modulation does not disappear completely at any time in these stars, only its amplitude diminishes drastically sometimes. Another similar example is V79 also in M3. A temporal double-mode pulsation was replaced by Blazhko-modulated fundamental-mode pulsation in this star (Goranskij et al. 2010; Jurcsik et al. 2015) .
The periods, mean magnitudes, and amplitudes of V119 determined for the published CCD data are listed in Table 2. These data are derived form the analysis of the published time series, therefore marginal differences from the same results published in the original papers may occur. The Hartman et al. (2005) and Benkő et al. (2006) observations are overlapping in time, therefore they are merged in order to obtain good phase-coverage light curves.
The most definite changes detected between the regular and modulated states of the star is the decrease in the pulsation period by 0.00008 d (see also the O-C of V119 shown in Jurcsik et al. 2012) . Soszyński et al. (2014) showed that the pulsation period of OGLE-BLG-RRLYR-07605 was also shorter when the amplitude of the modulation was large than when only small-amplitude modulation appeared. A similar connection betw jurcsik.tgzeen the pulsation period and the amplitude of the modulation was detected in RR Gem, too (Sódor, Szeidl & Jurcsik 2007) . However, the historical study of RR Lyrae contradicts these results: its pulsation period and modulation amplitude show parallel changes according to the data listed in Table 3 in Le Borgne et al. (2014) .
The changes in the mean-magnitude values are somewhat contradictory. B data are available for three epochs, and these data indicate a continuous dimming of about 0.05 mag, but no parallel changes are evident in the V band. The (B) − (V ) colour might be 0.01 − 0.02 mag redder when the star shows the modulation than when its pulsation is stable. The pulsation equation of RRL stars (e.g., Marconi et al. 2015) indicates that a similar order period decrease as observed should be accompanied by luminosity decrease and/or temperature increase significantly below the present-day detection limits.
We also note that the absolute calibration of the magnitudes of crowded field data might differ by some hundredths of magnitude, therefore the mean-magnitude differences be- tween the different observation of V119 might possibly have photometric origin, i.e., they do not necessarily reflect real magnitude changes of the star. If any magnitude change accompanied the onset of the modulation that was probably below the some hundredths of magnitude uncertainty of the accuracy of the photometric calibration of the data sets.
TEMPERATURE AND RADIUS VARIATIONS
The first attempt to perform Baade-Wesselink (B-W) analysis of Blazhko RRL stars has led to a very surprising conclusion (Jurcsik & Hajdu 2017) . The analysis of the simultaneous photometric and spectroscopic observations of variables in M3, published in Jurcsik et al. (2017) showed that the method cannot be applied for Blazhko stars as significant differences between the spectroscopic and the photometric radius (Rsp, R ph ) variations are detected but the B-W method relies basically on the assumption that the Rsp and the R ph variations are identical. The phase and amplitude variations of Rsp follow the changes of the light curve during the Blazhko cycle but the R ph curve seems to be unaffected or to be only marginally affected by the modulation. A similar conclusion was drawn from the analysis of the combined OGLE-IV I-band (Soszyński et al. 2014 ) and the VISTA Variables in the Vía Láctea (VVV, Minniti et al. 2010 ) survey K-band observations of Blazhko stars in the Galactic bulge (Jurcsik et al. 2018) . The lack of any phase change of the photosheric radius variations of the pulsation also means that there is no change in the period of the pulsation during the Blazhko cycle, and as a consequence of the period-density relation, the mean radius of the star does not change either. The method to decompose the K-band light variation of RRab stars into two parts, originating from the temperature and the radius changes developed in Jurcsik et al. (2018) utilizes multi-colour data, colour-temperature relation determined from the Castelli & Kurucz (2003) synthetic data of appropriate composition, and an estimate on the R0 mean radius value. The K-band observations of M3 variables published by Ferreira Lopes et al. (2015) combined with our photometric data make is possible to check whether a similar method could also be applied for the V and IC data. The temperature and radius changes derived from the direct B-W method, which utilizes both spectroscopic and photometric data, and from the photometric method using the K-band light and I − K colour and the V -band light and the V − IC colour data are shown for six stable light-curve RRab stars in Fig. 9 . The E(V − IC) reddening is taken to be 0.018 mag (E(B − V ) = 0.014 mag, Harris 1996), uniformly. The agreement between the three solutions is satisfactory. The radius and temperature changes are reproduced reasonable well when using the V and IC colours.
Applying this method on the photometric data published in Jurcsik et al. (2017) , the radius and temperature changes are derived for the different phases of the modulation for Blazhko stars. Only variables showing strong and not too complex modulation, and which have good Blazhkophase coverage are analysed here. The method needs the knowledge of the R0 mean radius value of the stars, which is calculated according to the logR/R⊙(log p, log Z) formula derived by Marconi et al. (2015) .
The light curves and the derived variations of the T eff and R curves for Blazhko stars showing significant phase modulations are shown in Fig. 10 and for amplitudemodulated variables in Fig. 11 , respectively. The wiggles seen especially in the radius curves originate from the incompleteness of the synthetic data for long Blazhko cycles (e.g., V034, V052) and from the magnification of the small wiggles on the synthetic colour curves when transforming the logarithmic magnitude scale to linear.
The results shown in Figs. 10 and 11 are in accordance with our previous findings. They show that no or marginal photometric radius change is behind the observed light-curve modulation, i.e., this reflects exclusively/basically temperature changes. Figure 10 . The observed and the fitted V and I C light curves and the separation of the V light-curve into temperature-and radiusvariation induced changes are shown in the first six columns of the figure for phase-modulated Blazhko stars. The T eff and R changes are derived from the decomposed V light curves using colour-temperature transformation defined by model atmosphere grids (Castelli & Kurucz 2003) and R 0 values determined using the formula given by Marconi et al. (2015) . The observed and the one Blazhko-cycle long simulated light curves are shown by gray dots, and the largest-and the smallest-amplitude phases of the modulation are set out in blue and red colours in each plot. The full description of the method was given in Jurcsik et al. (2018) . 
CHANGES OF THE MEAN PARAMETERS
In the course of the analysis of the Konkoly Blazhko Survey data ) an inverse photometric (IP) B-W method was developed (Sódor, Jurcsik & Szeidl 2009 ) aiming to detect the changes of the mean physical parameters of the variables in different Blazhko phases. The application of the method revealed that the mean luminosity of the stars was larger by 1 − 2 percent in the large-amplitude phase of the modulation than in the small-amplitude phase. Each of the stars analysed by the IP method followed this pattern (Sódor 2012, and references therein). The failure of the direct B-W method on Blazhko RRL stars (Jurcsik & Hajdu 2017) warns, however, that the results obtained from the IP method might be false. The analysis performed in Section 9 yields an other estimate for the changes of the mean parameters in different Blazhko phases. The differences between the mean parameter values observed at Blazhko maximum and minimum phases are determined and it is checked whether they show any connection with the direction and strength of the parallel amplitude change. This is done by plotting the detected differences of the mean values against the amplitude change between the two extrema of the modulation. Fig. 12 shows the results for the intensity-averaged mean V magnitudes of all the magnitude-calibrated Blazhko stars (top panel), and for the mean luminosity (middle panel) and mean temperature (bottom panel) changes between the largest-and smallest-amplitude phases for the 21 variables analysed in Section 9. The luminosity curves are calculated using the derived radius-and temperature-change curves. They are not shown in Figs. 10 and 11, as they are very similar to the V light curves. We note here again, that the mean radius values are fixed for each star, however the lack of any period(phase) change of the radius variations validate this treatment. Fig. 12 proves that the changes of the intensity-averaged mean V magnitude, as well as the mean luminosity and the mean temperature correlates with the amplitude change. Blazhko stars tend to be brighter and hotter at the largeamplitude phase of the modulation than in the smallamplitude phase. Moreover the larger the amplitude of the modulation the larger the changes of the mean parameters.
SUMMARY AND CONCLUSIONS
The analysis of the time-series data of the total sample of Blazhko stars in the M3 globular cluster, i.e., in a homogeneous group of variables, makes it possible to detect any connection between the pulsation and modulation properties, if any direct relationship would exist. Moreover, the comparison of the results with the data of the single-periodic RRL sample of the cluster yields a unique opportunity to detect any systematic difference between regular and Blazhko RRL stars. However, most of these studies led to basically negative conclusions.
The results can be summarised as follows: • Comparing the mean log(P mod ) values of Blazhko stars in M3 and in the sample/subsamples collected by Skarka et al. (2016) we have found that the mean Blazhko periods are larger in more metal-poor systems than in less metal-poor ones.
• The only regularity revealed by the analysis of M3 Blazhko stars is that the modulation of long-period Blazhko stars (P > 0.62 d) is weak, and this is also valid when the relative strength of the modulation (∆A/ < A >) is considered. This is in line with the lack of the modulation in the seven longest-period (P > 0.66 d) stars in the cluster. This is the only systematic difference between the distributions and the properties of Blazhko and regular RRab stars in the cluster.
• Another systematic feature supposed to be found is the lack of intense phase modulation in OoII-type stars. Nevertheless, because of the limited size of the sample this conclusion might not be true in general.
• The light curves of Blazhko stars showing small-amplitude modulation are close to the normal ones, and strongly deformed-shape light curves are detected only if the modulation is strong.
• The mean amplitudes of Blazhko stars are significantly smaller than the normal ones for variables exhibiting strong modulation independently from that the phase or the amplitude modulations or both are intense. The maximum amplitudes are either smaller or larger or similar to normal amplitudes for strongly modulated light curves.
• Besides the above mentioned tendencies, the data did not show up any well-determined, direct connection between the physical properties of the stars and their Blazhko characteristics (modulation period, amplitude, phase/amplitude modulation strengths). No regularity was detected in the modulation properties of multiple modulated stars either. With the exception of the longest-period (coolest) variables, the modulation occurs all along the instability strip, and a nonmodulated counterpart was found for most of the Blazhko stars in the M3 sample.
• Modulation appeared in a previously stable RRab star (V119) in the early 2000s. Parallel with the onset of the modulation, a 0.00008-d pulsation-period decrease of the star was observed. Rapid/sudden period changes of the same order are not rare in RRL stars, and Blazhko stars may exhibit even larger period-change events of unknown origin (for possible explanations see e.g., Sweigart & Renzini 1979; Stothers 1980; Koopmann et al. 1994; Cox 2009 ). The parallel magnitude/colour changes of V119 do not lead to any conclusive result. They originate from photometric inaccuracies probably.
• Although the [Fe/H] phot values derived for Blazhko stars spread over a much wider range than for non-Blazhko stars, the mean [Fe/H] phot values of the two samples are identical indicating that the photometric method yields a reliable estimate for the mean metallicity of the system for large enough samples.
• The separation of the temperature-and radius-change induced variations of the V light curve confirms our previous finding that the radius variation of the photospheric regions does not show any detectable phase or amplitude change parallel with the observed light-curve variations of Blazhko stars.
• Both the intensity-averaged mean V brightness, the mean temperature and the mean luminosity tend to be brighter/larger in the large-amplitude phase of the modulation than in the small-amplitude phase. The larger the amplitude of the modulation, the larger changes in the mean parameters are detected.
Based on these findings the following conclusions can be drawn. a) With the exception of the coolest variables in the vicinity of the red edge of the instability strip, the occurrence and the properties of the modulation do not depend on the physical parameters of the variables. This is in high contrast with the properties of the radial mode pul-sation, which is determined by the physical parameters of the stars completely. It is to be hoped only that the modulation properties averaged over large samples of Blazhko stars of different populations may show some systematic differences as indicated by the proposed metallicity dependence of the mean log(P mod ) value. b) The similarity of modulated and non-modulated stars and the appearance of the modulation in V119, and other examples of drastic changes in the modulation amplitudes e.g., the drop of the modulation amplitude of OGLE-BLG-RRLYR-07605 (Soszyński et al. 2014) , taking into account also the temporal disappearance/lowering of the modulation in RR Lyr (Le Borgne et al. 2014; Poretti et al. 2016 ) and in RR Gem (Sódor, Szeidl & Jurcsik 2007 ) and the strange case of V79 in M3 (Jurcsik et al. 2015) indicate that the Blazhko modulation is not a stable feature of the pulsation of RRL stars, it may appear or disappear in any RRL star at any time, probably. c) Whatever is the physical mechanism of the Blazhko effect, the weakening of the relative strength of the modulation and the lack of any modulation in the longest-period variables indicate that maybe the enhanced convection close to the red edge of the instability strip stops modulation prior to halting the pulsation itself. Alternatively, the evolutionary state or the cool temperature of variables close to the red edge of the instability strip does not support the occurrence of the modulation. The 0.62 − 0.65 d period-length limit for the modulation seems to be valid in different groups of RRL stars as noted by Prudil & Skarka (2017) . d) As a consequence of the stability of the photospheric radius changes, the pulsation period has to remain stable during the Blazhko cycle. e) The energy of radiation emission averaged over the pulsation period is larger in the large-amplitude Blazhko phase than in Blazhko minimum. Most probably, the same is true for the changes of the pulsation averaged kinetic energy, as the large amplitude changes of the Rsp data indicate. As a consequence, we conclude that some additional source of energy storage/release should have to operate during the Blazhko cycle.
Based on the spectroscopic and photometric observations obtained in the last decade several new features of the Blazhko modulation has been discerned. However, all these efforts has not led to a breakthrough in solving the Blazhko mystery yet. Therefore, it is the task primarily of theorists now to find a model fitting to all of recent knowledge on the Blazhko phenomenon.
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